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 i g  h  l  i  g  h  t  s
A  sample  from  a  spent  fuel  pond  wall  has been  analysed  via  X-ray  spectroscopy.
Autoradiography  shows  a patchy  distribution  of  radioactivity  on  the  core face.
XAS  across  a ‘hot  spot’  showed  Sr  associates  with  the  TiO2 pigment  in the  paint.
Original  concrete  coatings  prove  effective  at  limiting  radionuclide  migration.
Sorption  studies  show  Sr immobilisation  by  the concrete  and  Cs by aggregate  clasts.
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a  b  s  t  r  a  c  t
Analysis  of a radioactive,  coated  concrete  core from  the  decommissioned,  spent  nuclear  fuel  cooling
pond  at the Hunterston-A  nuclear  site (UK)  has  provided  a unique  opportunity  to  study  radionuclides
within  a real-world  system.  The  core,  obtained  from  a dividing  wall  and  sampled  at the  ﬁll  level of
the  pond,  exhibited  radioactivity  (dominantly 137Cs  and 90Sr) heterogeneously  distributed  across  both
painted  faces.  Chemical  analysis  of  the  core  was  undertaken  using  microfocus  spectroscopy  at Diamond
Light  Source,  UK. Mapping  of  Sr  across  the  surface  coatings  using  microfocus  X-ray  ﬂuorescence  (XRF)
combined  with  X-ray  absorption  spectroscopy  showed  that  Sr was bound  to  TiO2 particles  in  the  paint
layers,  suggesting  an association  between  TiO2 and  radiostrontium.  Stable  Sr  and  Cs  sorption  experimentsegacy materials
pent fuel pond
ontamination
icrofocus spectroscopy
-ray absorption
using concrete  coupons  were  also undertaken  to assess  their  interactions  with  the  bulk  concrete  in case  of
a breach  in  the  coating  layers.  XRF  and  scanning  electron  microscopy  showed  that  Sr was  immobilized
by  the  cement  phases,  whilst  at the  elevated  experimental  concentrations,  Cs was associated  with  clay
minerals  in the aggregates.  This  study  provides  a  crucial  insight  into  poorly  understood  infrastructural
x  syst
ubliscontamination  in  comple
©  2016  The  Authors.  P
. Introduction
Decommissioning of legacy nuclear installations and the safe
isposal of the resulting radioactive wastes is a signiﬁcant chal-
enge for many nuclear nations. Current estimates for the UK alone
uggest that nuclear decommissioning will cost >$100 billion with a
imescale of 100 years+ [1]. In the UK, power station and fuel han-
ling facility wastes will be dominated in terms of their volume
∗ Corresponding author.
E-mail address: richard.pattrick@manchester.ac.uk (R.A.D. Pattrick).
ttp://dx.doi.org/10.1016/j.jhazmat.2016.05.037
304-3894/© 2016 The Authors. Published by Elsevier B.V. This is an open access article uems  and  is  directly  applicable  to the UK’s  nuclear  decommissioning  efforts.
hed  by  Elsevier  B.V.  This  is  an open  access  article  under  the  CC  BY  license
(http://creativecommons.org/licenses/by/4.0/).
by cementitious materials, with an estimated total of ∼ 2.5 million
tonnes [2]. Waste minimisation, to limit the volume of radioactively
contaminated material requiring disposal as low and intermedi-
ate level wastes, will be essential to maximise disposal capacity
[3]. This can be achieved by effective decontamination and/or
segregation of materials to minimise the radioactively contami-
nated fraction, provided the underpinning knowledge is available
to inform these operations. Storage ponds for highly radioactive
spent fuel are often constructed from concrete, with the domi-
nant dose-yielding radioactive isotopes in the ponds being 137Cs
and 90Sr. A fundamental understanding of the interactions of these
radionuclides (or their stable analogues) with the pond walls and
nder the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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big. 1. A. Low resolution (50 m2 pixels), autoradiograph (24 h) showing areas of r
f  region ‘B’. C. High resolution (25 m2 pixel size) image over 24 h, contrast adjust
heir coatings has the potential to signiﬁcantly reduce decommis-
ioning waste volumes along with associated disposal costs and
herefore is the focus of this work.
.1. Hunterston-A core sampleHunterston-A, which ceased power generation in 1990, was  a
win MAGNOX power reactor (with spent fuel storage ponds on
ite) located in Ayrshire, Scotland. After closure, post-operational
lean-out (POCO) and decommissioning activities have been on-
ig. 2. i. ESEM BSE image showing a section through the core coating to the underlying
hlorinated rubber seal with layer F the underlying concrete. EDAX spectra from represen
eamline I18 (Ti, Cr, Rb, Zr, Sr & Zn) along the same cross section. The Ti XANES displayedtivity from the most active face of the core. B. False-color, contrast adjusted image
ighlight spots of elevated activity. Area ‘D’ was selected for spectroscopic analysis.
going. In approximately 2013, the spent fuel storage ponds were
drained and the opportunity arose to sample a unique series of
cores from the pond walls. Speciﬁcally, a core was  extracted from
the level of the original water surface in the fuel pond. This study has
exploited a range of analyses, in particular advanced spectroscopic
techniques, to deﬁne likely radionuclide speciation and binding in
the fuel pond wall sample and characterise the poorly understood
infrastructural sealants.
The core sample (drilled perpendicular to the wall face and
through the dividing wall) was  sampled from a fuel pond
 concrete. Layers A & B are paint, layer C an undercoat, layer D paint and layer E
tative points across each layer are presented below the images. ii. XRF maps from
 in Fig. 4 was collected from region A.
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hich had been in use for decades. The core was  ∼ 300 mm  in
ength, ∼ 100 mm diameter and weighed ∼ 5000 g (Fig. S1, supple-
entary material [SM]). The concrete was coated at both ends with
everal sealant layers; historical records indicate these included
 cement ﬁnish, waterproof rubber layer and a top coat of paint.
eneath the coating, the pond wall comprised concrete with aggre-
ate clasts of 0.1–5 cm within the cement mix. The current study
ocussed on two aspects: (i) characterisation of the core coating, and
ssessment of the Sr associations within the coating to inform long
erm management of the contaminated pond wall surfaces; and
ii) reaction of the bulk core materials with stable Cs and Sr to fur-
her understand the long term fate of radiocaesium and-strontium
n the event that radioactive pond waters breached the coatings.
verall, this allowed unprecedented molecular scale characterisa-
ion of Sr and Cs interactions with the core coating and concrete
hich will inform the forward management of these, and similar
uclear legacy materials.
ig. 3. XRF maps of the core face collected at grazing incidence to probe the coating laye
igh  resolution (15 m × 15 m)  Sr and Ti maps of area C in Panel A and show Sr correlat
rea  E in Panel A, again showing correlation between Sr and Ti signals. Panels G and H sh
oncrete. Points I–IV indicate EXAFS data collection areas and denote the different spectrs Materials 317 (2016) 97–107 99
2. Experimental
Characterisation of the core involved: a) analysis of the distri-
bution of radioactivity on the face by autoradiography, b) electron
microscopy on representative, non-radioactive sections of the core,
and c) synchrotron techniques (microfocus X-ray ﬂuorescence
[XRF] mapping, X-ray absorption spectroscopy [XAS]; including
X-ray absorption near edge spectroscopy [XANES] and extended X-
ray absorption ﬁne structure [EXAFS] measurements) to examine
chemical distribution and phase analysis of the core coating and
bulk concrete. In addition, stable Cs and Sr uptake experiments
were conducted on coupons (∼20 mm  x 30 mm  x 5 mm)  of non-
active concrete. Here, the aim was  to determine the reactivity of
Cs and Sr with the concrete in the event that radioactive pond
waters came into contact with the bulk concrete matrix beneath
the coatings.
Autoradiography on the coated ends of the core was performed
using a Typhoon 9410 variable mode imager and BAS-IP MS  stor-
rs. Panels A. (Sr) and B. (Ti) are broad area maps (100 m × 100 m). C. and D. are
ion with Ti. Panels E. and F. are high resolution (15 m × 15 m) Sr and Ti maps of
owed limited correlation between Ti and Si signals and presumably probe Sr in the
al types identiﬁed from -focus XANES/EXAFS analysis.
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Fig. 4. Grazing incidence Ti K-edge XANES signal collected from the core face.
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Fig. 5. Normalized, grazing incidence, stacked Sr K-edge absorption spectra from
the  core (I–IV, see Fig. 3) and relevant reference standards. Spectra I & II are surfaceomparison with the TiO2 standard shows the characteristic pre-edge doublet
∼4970 eV) and post edge (∼4990 eV) oscillations conﬁrming the Ti rich areas within
he coating are TiO2 [17].
ge phosphor screen (Amersham Biosciences). Following exposure,
he screen was scanned using a HeNe laser with pixel sizes of
5 − 50 m.  After acquisition, autoradiographs were exposure
djusted for optimal clarity using the software ImageQuant TL 8.1.
nvironmental scanning electron microscopy (eSEM) analysis was
erformed on carbon coated samples using a FEI XL30 Microscope
sing an accelerating voltage of 15 − 20 kV.
.1. Microfocus X-ray analysis
Microfocus spectroscopy analysis and mapping of both the
adioactive core face and reacted concrete coupons was  undertaken
t beamline I18 at the Diamond Light Source, UK. I18 has a dou-
le crystal monochromator with a working energy range of ∼ 2 −
0 keV, and with a maximum focus of ∼ 2 × 2 m [4]. The coated
nd of the core exhibiting the highest radioactivity was  mounted
n a bespoke, approved sample holder (Fig. S3, SM). A 5 × 5 m
eam spot and a Vortex-ME4 silicon drift detector was used for
uorescence data acquisition from the sample surface. In the core
ample, the coating was expected to have a high titanium con-
ent associated with TiO2 in paint [6]. Unfortunately, the Ti K˛1
4,510.8 eV) and Cs Lˇ1 (4,619.8 eV) X-ray emission lines interfered
t these high Ti concentrations and Cs mapping was impossible
herefore the focus for mapping was on Sr. It is noteworthy that the
evels of 90Sr in the core (∼60 kBq, ∼1.22 × 10−8 g over ∼60 cm2)
as not of sufﬁcient concentration to be isolated using -focus
pectroscopy, even assuming that the activity was  concentrated
n elevated regions of ∼0.5–1 cm2, therefore stable Sr would likely
ominate the bulk spectral information. Due to the heterogeneity of
he coating/concrete interface and Sr present in the concrete, core
urface mapping was performed across identical regions with both
he detector at grazing incidence (beam to detector angle 1350)
nd at normal incidence (beam to detector angle 900) to the inci-signals and represent Sr interactions with the core coating. Spectra III & IV contain
signal contributions from the underlying concrete.
dent X-ray beam. This ampliﬁed signals from the surface and bulk
material respectively. At the Sr K-edge (16,115 eV) with the beam at
normal incidence, the ﬂuorescence signals would be emitted from
∼1500 m depth in the core. At grazing incidence, there would be
an expected ∼25% reduction in this estimated depth as the X-ray
must penetrate more material per unit depth [5].
After reaction with stable Sr and Cs for 49 days, concrete coupons
were analysed at normal incidence. Strontium XRF maps were
zardous Materials 317 (2016) 97–107 101
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Fig. 6. Sr K-edge EXAFS spectra (black solid lines) and associated best ﬁt results (red
dashed lines). The left panel displays the Fourier transform (FT) of the EXAFS signal
(the real part of the transform has been shown below the transform magnitude).
Radial distance (Å) is non phase-corrected. The right panel shows the EXAFS oscilla-
tions (k3) for the corresponding samples. Spectra I − IV are collected from the coreW.R. Bower et al. / Journal of Ha
ollected at 16,600 eV, whilst in the sorption experiments, caesium
aps were collected at both 5000 eV, above the Ti K-edge, and
600 eV, above the Cs L-edge. This allowed isolation of the Cs signal
rom any Ti background in the bulk concrete which was expected
o be at lower Ti concentration compared to the TiO2 rich coating.
ata were analysed using the PyMCA X-ray Fluorescence Toolkit and
emeter [7,8].
.2. Sr/Cs uptake experiments
The concrete coupons were reacted with 1000 ml  of 5, 50
nd 500 ppm CsCl or SrCl2 in deionised water with a N2 purged
eadspace to minimise CO2 ingress. Samples were reacted over
9 days with gentle agitation. Reacted solutions were then analysed
or Cs and Sr using Inductively Coupled Plasma Mass Spectrometry
ICP-MS; Agilent 7500cx) (Table 2). In addition to the reacted sam-
les, standards with fresh Portland cement (25 g) cured with 18 ml
00 ppm SrCl2 solution to give a ﬁnal Sr concentration of ∼300 ppm,
nd sorption of Sr onto TiO2 (1 g: 3.3 ml  SrCl2 solution) were also
repared for analysis.
. Results and discussion
The level of radioactivity detected at the core surface was
950 Bq cm2, primarily from the decay of 90Sr and 137Cs, with
race -emitting 241Am also detected. Site investigations at Hunter-
ton have shown that > 90% of the radioactivity in the drained
ond is typically contained within the top 2–5 mm  of the wall
urface, suggesting the coating efﬁciently retains 137Cs and 90Sr.
dditional characterisation of the bulk concrete in the core using
ptical microscopy showed portlandite (Ca(OH)2) and amorphous
alcium silicate hydrate (CSH) were present surrounding the aggre-
ate clasts. The aggregate, likely extracted from a local quarry,
omprised 1–5 cm fragments of olivine gabbro (Figs. S1 & S2,
M)  and a polymictic sand (0.1–5 mm)  with minor amounts of
andstone, limestone and acid igneous rock. Within the concrete,
ome gabbro clasts were unaltered, while others showed chem-
cal alteration with the breakdown of ferromagnesian minerals
o iddingsite alteration minerals with approximate composition
gO.Fe2O3.3SiO2•4H2O.
.1. Surface coating characterisation
.1.1. Autoradiography
Autoradiography on the core face showed two  regions of ele-
ated radioactivity (Fig. 1), presumed to result from splashes of
adioactively contaminated pond waters. One region comprised
everal small (<1 mm)  spots (upper right quadrant, Fig. 1A). Addi-
ionally, a larger ∼20 mm2 spot was detected on the left edge; this
as the focus of spectroscopic analyses. The contrast altered images
Fig. 1 B, C) showed the large spot comprised several smaller areas
f elevated radioactivity. The most intense of these, region D, was
elected for synchrotron analysis.
.1.2. SEM analysis of core coatings
A non-radioactive section of the core face was isolated for
ross-sectional SEM mapping of the sealants. ESEM BSE imaging
nd associated EDAX spectra from spot points across the sam-
le revealed a complex structure with at least ﬁve discrete layers
Fig. 2). In addition, a series of XRF maps were also collected across
he coating to the underlying concrete (Fig. 2). High Ti ﬂuorescence
ignals were observed in paint layers with increased Ti concentra-
ions towards the uppermost fraction of each coating. Analysis of Ti
-edge XANES data from layer A, showed a close match to a rutile
TiO2) standard, conﬁrming the Ti was present as the whitening
gent TiO2 in the paint (Fig. 4). Beneath the paint layers, layer Cface at grazing incidence whilst Sr Rut and SrTiO3 are standards.
showed a low Ti signal, consistent with an undercoat layer. Inter-
estingly, layer D had elevated Ti and Cr ﬂuorescence signals and
presumably is a further paint layer suggesting, historically, that
several coatings were applied. Finally, layer E of the coating was
the thickest single layer and was present at the interface between
the coatings and the concrete. This layer was extremely heteroge-
neous with a structured texture indicated from the Rb XRF map
and BSE images showing clear chemical variability (Fig. 2). These
observations, combined with knowledge of the facility, suggest that
layer E is a chlorinated rubber overcoat used to proof concrete prior
to application of paint [9]. The underlying concrete (Layer F) had a
very different BSE character with an elevated Sr signal in the XRF
map  as expected.
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Fig. 7. A & B. Sr maps from the untreated, ‘blank’ concrete sample. Both maps A & B taken from the blank sample have been intensity scaled by 5x for clarity. C. Sr map
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ize  = 10 m)  from the 5 ppm SrCl2 doped concrete sample; even reacted with 5 pp
elected for XAS analysis.
.1.3. Microfocus X-ray ﬂuorescence mapping of the core
To probe the elemental distributions in the coating, XRF map-
ing of the core face at grazing incidence was performed. The core
urface exhibited a complex distribution of Sr signals, with contri-
utions from both coating and concrete derived Sr. Sr (red) and Ti
blue) XRF maps of the face are shown in Fig. 3, with broad scale
aps given in A and B. The Sr map  shows several small (<400 m2)
pots with elevated Sr concentrations and dark regions are likely
rtefacts associated with the topography of the core surface. Higher
esolution maps from regions within panel A & B are given in C H
nd panels C − F show that in several areas, elevated Sr signals are
oncomitant with elevated Ti signals. These co-located regions of
r and Ti are unique to the grazing incidence maps and thus are a
urface feature.
.1.4. X-ray absorption spectroscopy
Areas were selected for Sr and Ti K-edge XAS analysis by
ocussing on regions of elevated Sr concentration from the XRF
apping. For Ti, XANES data were collected at grazing incidence
nd the coating data matched the rutile standard conﬁrming the
resence of TiO2 as a whitening agent in the coating (Fig. 4). For
r analysis, both XANES and EXAFS spectra were collected where
ossible. The spectra for XAS analysis were summed from multi-
le scans on each spot and the spectra from different spot analysesnsity and preferential sorption of the Sr to the cement matrix. D & E. Sr maps (pixel
lution, the Sr signal is far higher than in the blank sample. Regions V–IX are areas
were compared by overlaying each set of summed spectra (Fig. 5).
Analysis of the XANES region allowed four discrete Sr spectral types
to be grouped (labelled I–IV; Figs. 3 and 5). Comparison between Sr
data from both normal and grazing incidence (GI) analysis positions
allowed dominantly surface coating derived spectra (types I & II) to
be isolated. In contrast, spectral types III & IV were indistinguish-
able from the Sr signals derived from the bulk concrete. XANES and
EXAFS from several relevant standards including SrTiO3, as well as
6-coordinate Sr in Sr(OH)2, SrCO3, Sr substituted into calcite with
Sr in 9-fold coordination, and Sr sorbed to TiO2 were also collected.
Relevant Sr XAS datasets from the literature were also used in data
interpretation [10–16].
For EXAFS analysis of the Sr spectra, each path length was
allowed to vary independently and independent Debye-Waller
(DW) factors were ﬁtted for scatterers (Fig. 6; Table 1). The vari-
ation in range in the amplitude reduction factors (S02) for the ﬁts is
presumably a result of the Sr concentration variability in the spot
analyses and/or self-absorption effects.
For spectral type I, the ﬁrst nearest neighbour Sr–O distance
(2.56 ± 0.01 Å) is within error of the Sr − O distance for the Sr
sorbed to rutile standard (2.58 ± 0.02 Å). Interestingly, the ﬁt shows
a higher shell occupancy than that observed for the Sr sorbed to
rutile standard (n = 8.0 ± 1 compared to n = 5.0 ± 0.4) presumably
reﬂecting more hydrated Sr speciation in the coating (Table 1).
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Table  1
Sr K-edge EXAFS ﬁt results for spectra collected at grazing incidence to the core face (Fig. 6), n denotes the number of each type of scan summed to yield the EXAFS spectrum.
N  denotes shell occupancy or number of scatterers; R denotes interatomic distance; 2 denotes Debye-Waller factor; S02 denotes the amplitude reduction factor; r denotes
the  ‘goodness of ﬁt’ factor (see supporting material). Values marked ‘*’ indicates values were ﬁxed during ﬁtting.
Path N R (Å) 2 (Å2) S02 R
From Core (Grazing Incidence)
I  (n = 2) Sr–O 8 ± 1 2.56 ± 0.01 0.014 ± 0.003 0.80 0.010
Sr–Ti 3* 3.54 ± 0.01 0.009 ± 0.001
Sr–Sr 4* 3.72 ± 0.02 0.031 ± 0.003
II  (n = 2) Sr–O 7* 2.48 ± 0.02 0.008 ± 0.002 0.70 0.034
Sr–Ti1 3* 3.48 ± 0.03 0.004 ± 0.002
Sr–Ti2 3* 3.96 ± 0.04 0.004 ± 0.002
III  (n = 1) Sr–O 8 ±1 2.55 ± 0.01 0.012 ± 0.001 1.00 0.003
IV  (n = 2) Sr–O 7 ± 1 2.47 ± 0.01 0.011 ± 0.003 0.97 0.011
Sr–Ca 8 ± 1 3.99 ± 0.01 0.004 ± 0.001
Sr–Sr 4 ± 1 4.38 ± 0.01 *0.001
Standards
Sr  Rut (n = 2) Sr–O 5 ± 1 2.58 ± 0.02 0.011 ± 0.010 0.83 0.012
Sr–Ti  1 ± 0.5 3.44 ± 0.04 0.010 ± 0.010
SrTiO3 (n = 1) Sr–O 12* 2.74 ± 0.01 0.012 ± 0.010 1.00 0.016
Sr–Ti  9* 3.40 ± 0.01 0.006 ± 0.001
Sr–Sr 8* 3.91 ± 0.02 0.014 ± 0.010
Sr–O 24* 4.75 ± 0.02 0.005 ± 0.003
Table 2
Cs and Sr sorption experiments showing initial concentration and uptake after 49 days. Bl denotes a blank. It should be noted that each coupon was heterogeneous and relative
proportions of the variable clasts are unknown although all systems buffered to pH ∼ 11.5 suggesting bulk characteristics were consistent. ‘nd’ denotes ‘no data’. ‘bdl’ denotes
below  detection limit.
No. Initial Cs (ppm) Initial Sr (ppm) Initial pH pH (7 weeks) Cs (7 weeks) (ppm) % Removal Cs Sr (7 weeks) (ppm) % Removal Sr
1 ∼3.95 0.00 7.0 11.5 2.46 37.7 0.12 −
2  ∼39.5 0.00 7.0 11.5 32.7 17.2 0.74 −
3  ∼395 0.00 7.0 11.5 nd – 0.12 −
4  0.00 ∼2.76 7.0 11.3 0.01 – 0.91 67.0
5  0.00 ∼27.6 7.0 11.6 0.04 – 13.8 50.2
6  0.00 ∼276 7.0 11.7 0.60 – 250 9.8
7  ∼3.95 ∼2.76 7.0 11.6 3.63 8.1 1.59 59.7
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n this sample, addition of a Sr–Ti path signiﬁcantly improved
he ﬁt, although the interatomic distance was slightly longer than
he Sr sorbed to rutile standard (R = 3.54 ± 0.01 Å compared to
 = 3.44 ± 0.04 Å). Finally, a ‘long’ Sr–Sr shell (at 3.72 ± 0.02 Å) could
lso be ﬁtted, suggesting nearest neighbour contributions and
herefore some order in the Sr in this environment. Similar paths
ere also ﬁtted to spectral type II which was a more complex spec-
rum to ﬁt. Here, a reduced coordination number and bond length
or the ﬁrst Sr–O shell was observed compared to the type I spec-
rum (Table 1). For the second shell, addition of independently
arying Sr–Ti paths with ﬁxed Debye-Waller factors signiﬁcantly
mproved the ﬁt. This suggested a more disordered site for Sr reten-
ion in type II compared to the type I environments. Both the type
 and II ﬁts conﬁrm that the Sr on the surface of the core is associ-
ted with the Ti in the paint, with clear Sr–Ti interactions present
ithin the spectra, in line with the XRF maps. Overall, these data
re consistent with past work on Sr-sorption to a range of environ-
entally relevant surfaces including goethite, amorphous silica and
utile [10,18–21]. Indeed, for rutile, Sr complexation is reported to
e via an outer-sphere interaction with distorted octahedral coor-
ination with 4O atoms at the rutile surface [18]. This type of outer
phere Sr complexation has been shown to be relevant for a wide
ange of solution and substrate compositions [19,20]. Interestingly,
or rutile it has been reported that ∼50% of Sr ions may  be present
n a random distribution of sites at the rutile interface [18], again
onsistent with the variable coordination numbers and low scatter-
ng contributions from the Ti observed in the type I and II spectra.
on exchange or complexation as strontium titanate (SrTiO3) does
ot appear to dominate Sr speciation in the coating. Indeed, the6.7 3.4 17.4 37.1
d – 224 19.1
dl – 0.01 −
data (particularly type I) support outer sphere complexation of Sr
with the TiO2 pigment which appears to be concentrated in the sur-
face layers of the paint. This leads to the observation that there is
a clear preferential association between Sr (presumably including
90Sr) and TiO2 in the coatings.
Spectra III & IV have a major contribution to the Sr signal from
the bulk concrete below the coating. For Spectrum III, the oscilla-
tions are broadly similar to those observed for the cement reference
sample and the spectra collected from the concrete matrix alone
(Figs. 6–8), however the ‘shoulder’ feature at higher energy than the
absorption edge (at 16,130 eV) is absent in the cement standards or
in sorption samples. Indeed, this type of shoulder is often indica-
tive of Sr in a higher coordination environment than that typically
reported for cements (n = 9) [13] and in these complex samples, it
is possible that some signal is derived from a Sr rich clast in the
concrete. The EXAFS for this sample could only be conﬁdently ﬁt-
ted with one Sr–O nearest neighbour at ∼2.6 Å and is consistent
with the Sr hydration sphere in alkaline solutions (Table 1; [13]).
These data are therefore consistent with the expected Sr specia-
tion in alkaline conditions but do not deﬁne the Sr-speciation any
further.
Compared to type III, the type IV signal is more complex. The XRF
maps at both normal and grazing incidence acquisitions suggest the
signal originates in the concrete (see SM). Indeed, the EXAFS could
be ﬁtted to a substituted SrCa(CO3)2 model, of the type reported
in natural Sr substituted limestone, and may  represent some lime-
stone within the concrete. These interpretations were consistent
with Sr being located within the concrete below the coatings; Ti
could not be ﬁtted in the type III and IV spectra, again reinforcing
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Fig. 8. Normalized Sr K-edge absorption spectra from the sorption experiments.
S
F
c
t
i
4
o
p
i
t
Fig. 9. Sr K-edge EXAFS spectra (black solid lines) and associated ﬁt results (red
dashed lines). The left panel displays the Fourier transform (FT) of the EXAFS signal
(the real part of the transform has been shown below the transform magnitude).pectra V − IX display signals from points taken across the XRF maps shown in
ig. 7. ‘Cem’ represents the SrCl2 reacted Portland cement standard analysed for
omparison.
he differences compared to the type I and II environments where
nteraction with TiO2 is clear.
. Cs and Sr sorption experiments
In the instance of a failure of the surface coatings, knowledge
f the reactivity of the concrete with Sr and Cs in solution will aid
lanning for decontamination and decommissioning. Indeed, site
nvestigations reveal that, typically, a small but signiﬁcant frac-
ion (∼10%) of the radioactivity within the spent fuel pond lining isRadial distance (Å) is not phase-corrected. The right panel shows the EXAFS (k3)
for each corresponding FT. Spectra V − IX are collected from the treated concrete
blocks, whilst ‘Cem’ is a reference co-cured with Sr of Portland cement.
present at depths greater than 2–5 mm  below the core coating lay-
ers suggesting breeches may  occur. Sr and Cs sorption data to bulk
concrete coupons after 7 weeks of reaction are given in Table 2.
4.1. Sr uptake analysis
The blank, 5 ppm (67.0% uptake) and 50 ppm (50.2% uptake)
SrCl2 reacted coupons were mapped using XRF to determine the
Sr distribution on the concrete surface. Representative, XRF maps
are displayed in Fig. 7. The untreated concrete did contain Sr, but
the maps for this sample are scaled 5x compared to the reacted
samples, conﬁrming signiﬁcant Sr reactivity with the concrete in
the sorption experiments.
Sr K-edge XANES data were consistent across all samples and
very similar to the standard cement sample, suggesting a broadly
consistent Sr speciation (Fig. 8). The highest variation in EXAFS was
zardou
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e
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F
iW.R. Bower et al. / Journal of Ha
dentiﬁed in the blank, whilst the sorption samples displayed dom-
nantly spectral types V & IX, which appear very similar (Fig. 9).
itting of the EXAFS data for these spot analyses again showed
imilar speciation, with differences between analyses primarily in
hell occupancy (ranging from n = 3.1 ± 1.7 to n = 6.1 ± 1.1) (Fig. 9;
able 3). All ﬁtted Sr-O path lengths were within error of each other
∼2.54–2.56 Å; Table 3). The Sr EXAFS data are similar to past work
xamining Sr uptake on to cement phases [13]. The EXAFS across
ll samples match the Sr–O bond distances of ∼2.6 Å observed for
ig. 10. ESEM ﬂuorescence mapping across a representative clast of altered maﬁc mater
n  the upper right panel corresponding with the light to dark brown, phyllosilicate rich res Materials 317 (2016) 97–107 105
the hydration sphere of Sr in alkaline solution and consistent with
Sr uptake to the concrete as a partially hydrated species [13].
4.2. Cs uptake analysisIn contrast to the Sr analysis, no detectable Cs was  associated
with cement in the concrete. Interestingly, Cs was  detected in
a selection of the aggregate clasts within the concrete coupons.
XRF mapping across a number of representative components of
ial within the treated concrete (500 ppm CsCl). Note the distribution of uptaken Cs
gions within the clast shown in the inset optical image (i).
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Table 3
Sr K-edge ﬁrst-shell EXAFS ﬁt results for spectra collected from the bulk concrete (V–IX) and reference cement (Fig. 9). n denotes shell occupancy; R denotes interatomic
distance; 2 denotes Debye-Waller factor; S02 denotes the amplitude reduction factor; r denotes the ‘goodness of ﬁt’ factor.
Spectrum Path n R (Å) 2 (Å2) S02 r
‘Sr Cem’ Sr–O 2 ± 1 2.56 ± 0.02 0.009 ± 0.001 0.80 0.012
V  Sr–O 6 ± 1 2.55 ± 0.02 0.011 ± 0.003 0.97 0.005
VI  Sr–O 4 ± 1 2.53 ± 0.02 0.007 ± 0.002 0.80 0.013
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[
[VII  Sr–O 5 ± 1 2.54 ±
VIII  Sr–O 3 ± 2 2.56 ±
IX  Sr–O 6 ± 1 2.56 ±
he concrete revealed small (m scale), heterogeneous Cs signals
ithin the altered maﬁc igneous components (gabbro and basalt).
ig. 10 displays chemical maps across a representative clast; the
istribution of Cs correlates with the highly altered, ferromagne-
ian minerals (olivine and pyroxene) in the gabbro, suggesting a
referential reactivity with these phases (see Refs. [22–27]).
With some difﬁculty, a Cs L-edge XAS spectrum was collected
rom a representative sample of the altered maﬁc clasts (Fig. S7,
M). Comparison of the non-phase corrected Fourier transform and
ow-resolution EXAFS signal (see SM)  with previous data collected
or Cs uptake by the phyllosilicate phases illite and vermiculite sug-
ests that the radial distributions (not-phase corrected) of atoms
urrounding Cs+ sorbed to vermiculite (both interlayer and edge
ite) match the data collected here although there are clear limita-
ions in the data quality [26].
. Conclusions
A combination of specialised techniques (autoradiography,
-SEM, -XRF mapping and -XAS) has allowed a detailed charac-
erisation of the radioactive Hunterston-A spent nuclear fuel pond
all. In the coatings, a clear association of Sr with TiO2 has been
bserved, which suggests that radio-strontium may  be scavenged
o paint layers within the coatings. This affords a direct insight into
ecommissioning strategies and is directly relevant to developing
uture industrial paint formulations. The sorption and immobilisa-
ion of Sr to the concrete in the case of a breached pond is consistent
ith work on similar cementitious materials [13], and the 60 year
ld Hunterston concrete components proved highly reactive. Sorp-
ion of Cs to phyllosilicates provides an interesting consideration
or concrete formulations. It is noteworthy that the core sample
nalysed here was of relatively low speciﬁc activity but provided
n important bridge to accessing synchrotron facilities for charac-
erisation of further, more radioactive decommissioning materials.
eﬁning radionuclide speciation in representative, higher activity
aterials would be of great value, not least in helping to deﬁne
he reversibility of these reactions, as well as in helping to design
ntelligent materials and coatings for future nuclear power sys-
ems. Overall, the detailed information on Sr–Ti reactions with the
oating and on Sr and Cs fate in concrete from the core provides
holly new insight to the likely fate of 90Sr and 137Cs, highlights
oth the effectiveness and limitations of the techniques applied,
nd demonstrates the value in research on decommissioning mate-
ials with elevated levels of radioactivity across the global nuclear
aste legacy.
cknowledgements
This project was collaborative between The University of
anchester, the National Nuclear Laboratory and the Diamond
ight Source, UK. Beamtime was awarded under grant SP9045
nd we thank the I18 staff and Richard Doull for their help in
nalysing the core at DIAMOND. We  thank Barry Gale, Jon Fellowes,
aul Lythgoe and Steve Stockley for their technical assistance.
e acknowledge Sam Shaw who provided Sr standards. We  also
[ 0.009 ± 0.002 0.88 0.007
 0.007 ± 0.001 0.90 0.010
 0.010 ± 0.001 1.00 0.002
acknowledge Bill Kean and Chris Gough for provision of the core
sample. The authors acknowledge the NNL Legacy Waste Decom-
missioning and Disposal Signature Research Programme, NERC
BIGRAD (NE/H007768/1) and EPSRC BANND (EP/G063699/1) for
support.
Appendix A. Supplementary data
Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.jhazmat.2016.05.
037.
References
[1] Nuclear Decommissioning Authority. Nuclear Decommissioning Authority,
Annual Report and Accounts April 2013 to March 2014 No. HC187 (2014).
[2] Nuclear Decommissioning Authority. The 2010 UK radioactive waste
inventory: a summary of information for international reporting. URN
10D/987, NDA/ST/STY(11)006 (2011).
[3] S. Wallbridge, A. Banford, A. Azapagic, Life cycle environmental impacts of
decommissioning Magnox nuclear power plants in the UK, Int. J. Life Cycle
Assess. 5 (2013) 990–1008.
[4] J.F.W. Mosselmans, P.D. Quinn, A.J. Dent, S.A. Cavill, S.D. Moreno, A. Peach, P.J.
Leicester, S.J. Keylock, S.R. Gregory, K.D. Atkinson, J.R. Rosell, I18–the
microfocus spectroscopy beamline at the Diamond Light Source, J.
Synchrotron Radiat. 16 (2009) 818–824, http://dx.doi.org/10.1107/
S0909049509032282.
[5] B.L. Henke, E.M. Gullikson, J.C. Davis, X-ray interactions: photoabsorption,
scattering, transmission, and reﬂection at E = 50-30000 eV, Z = 1-92, At. Data
Nucl. Data Tables 54 (1993) 181–342 (2).
[6] J.V. Koleske, Paint and coating testing manual, Rev. Ed. of Paint testing manual
13th ed. 1972. American Society for Testing and Materials (1995).
[7]  V.A. Solé, E. Papillon, M.  Cotte, P. Walter, J. Susini, A multiplatform code for
the  analysis of energy-dispersive X-ray ﬂuorescence spectra, Spectrochim.
Acta Part B 62 (2007) 63–68.
[8] B. Ravel, M.  Newville, ATHENA, ARTEMIS HEPHAESTUS: data analysis for
X-ray absorption spectroscopy using IFEFFIT, J. Synchrotron. Radiat. 12 (2005)
537–541.
[9] K. Natesan, R. Natarajan, Survey on leaching of coatings used in nuclear power
plants (Letter report), Argonne Natl. Lab. (2006).
10] N.E. Pingitore Jr., F.W. Lytle, B.M. Davies, M.P. Eastman, P.G. Eller, E.M. Larson,
Mode of Sr incorporation in calcite: determination by X-ray absorption
spectroscopy, Geochim. Cosmochim. Acta 56 (1992) 1531–1538.
11] N. Sahai, S.A. Carroll, S. Roberts, P.A. O’Day, X-ray absorption spectroscopy of
Sr(II) coordination, J. Colloid Interface Sci. 222 (2000) 198–212.
12] A.A. Finch, N. Allison, Coordination of Sr and Mg in calcite and aragonite,
Mineral. Mag. 71 (2007) 539–552.
13] E. Wieland, J. Tits, D. Kunz, R. Dähn, Strontium uptake by cementitious
materials, Environ. Sci. Technol. 42 (2008) 403–409.
14] C.L. Thorpe, J.R. Lloyd, G.T.W. Law, I.T. Burke, S. Shaw, N.D. Bryan, K. Morris,
Strontium sorption and precipitation behaviour during bioreduction in
nitrate impacted sediments, Chem. Geol. 306–307 (2012) 114–122.
15] S.H. Wallace, S. Shaw, K. Morris, J.S. Small, A.J. Fuller, I.T. Burke, Effect of
groundwater pH and ionic strength on strontium sorption in aquifer
sediments: implications for 90Sr mobility at contaminated nuclear sites, Appl.
Geochem. 27 (2012) 1482–1491.
16] M.  Borchert, M.  Wilke, C. Schmidt, K. Kvashnina, S. Jahn, Strontium
complexation in aqueous solutions and silicate glasses: insights from high
energy-resolution ﬂuorescence detection X-ray spectroscopy and ab-initio
modeling, Geochim. Cosmochim. Acta 142 (2014) 535–552.
17] M.F. Ruiz-López, A. Mun˜oz-Páez, A theoretical study of the XANES spectra of
rutile and anatase, J. Phys. Cond. Mat. 3 (1991) 8981–8990.
18] P. Fenter, L. Cheng, S. Rihs, M.  Machesky, M.J. Bedzyk, N.C. Sturchio, Electrical
double-layer structure at the rutile-water interface as observed in situ with
small-period x-ray standing waves, J. Colloid Interface Sci. 225 (2000)
154–165.
zardou
[
[
[
[
[
[
[
[
cesium adsorption and mobility, Geochim. Cosmochim. Acta. 135 (2014)
49–65.W.R. Bower et al. / Journal of Ha
19] S.A. Carroll, S. Roberts, L.J. Criscenti, P.A. O’Day, Surface compexation model
for  strontium sorption to amorphous silica and goethite, Geochem. Trans.
(2008) 9.
20] A.J. Fuller, S. Shaw, C.L. Peacock, D. Trivedi, I.T. Burke, EXAFS study of Sr
sorption to illite, goethite, chlorite and mixed sediment under hyperalkaline
conditions, Langmuir 32 (12) (2016) 2937–2946.
21] D.A. Sverjensky, Prediction of the speciation of alkaline earths adsorbed on
mineral surfaces in salt solutions, Geochim. Cosmochim. Acta 70 (2006)
2427–2453.
22] B.C. Bostick, M.A. Vairavamurthy, K.G. Karthikeyan, J. Chorover, Cesium
adsorption on clay minerals: an EXAFS spectroscopic investigation, Env. Sci
Technol 36 (2002) 2670–2676.
23] J.M. Zachara, S. Smith, C. Liu, J.P. McKinley, R.J. Serne, P. Gassman, Sorption of
Cs  to micaceous subsurface sediments from the Hanford site, USA, Geochim.
Cosmochim. Acta 66 (2002) 193–211.
[s Materials 317 (2016) 97–107 107
24] J.P. McKinley, J.M. Zachara, S.M. Heald, A. Dohnalkova, M.G. Newville, S.R.
Sutton, Microscale distribution of cesium sorbed to biotite and muscovite,
Environ. Sci. Technol. 38 (2004) 1017–1023.
25] B. Yildiz, H.N. Erten, M.  Kis, The sorption behaviour of Cs+ ion on clay minerals
and zeolite in radioactive waste management: sorption kinetics and
thermodynamics, J. Radioanal. Nucl. Chem. 288 (2011) 475–483.
26] Q.H. Fan, K. Tanaka, A. Tanaka, A. Sakaguchi, Y. Takahashi, An EXAFS study on
the effects of natural organic matter and the expandability of clay minerals on27] A.J. Fuller, S. Shaw, M.B. Ward, S.J. Haigh, J.F.W. Mosselmans, C.L. Peacock, S.
Stackhouse, A.J. Dent, D. Trivedi, I.T. Burke, Caesium incorporation and
retention in illite interlayers, Appl. Clay Sci. 108 (2015) 128–134.
